Abstract Low appendicular skeletal muscle mass (ASMM) is associated with premature mortality, hyperinsulinemia, frailty, disability, and low bone mineral density. We explored the potential efficacy of slowly progressive weight lifting to attenuate the decline of ASMM among breast cancer survivors by conducting a post hoc analysis of data from the Physical Activity and Lymphedema trial. Between October 2005 and August 2008, we conducted a single-blind, randomized controlled trial of twice weekly slowly progressive weight lifting or standard care among 295 non-metastatic breast cancer survivors. ASMM was quantified using dual-energy X-ray absorptiometry. Changes in ASMM were evaluated from baseline to 12 months between the weight lifting and control groups using repeated measures linear mixed effects regression models. Over 12 months, participants in the weight lifting group experienced attenuated declines in muscle mass compared to the control group, as reflected by relative ASMM (-0.01 ± 0.02 kg/m 2 vs -0.08 ± 0.03 kg/m 2 ; P = 0.041) and absolute ASMM (-0.02 ± 0.06 kg vs -0.22 ± 0.07 kg; P = 0.038), respectively. Weight lifting did not alter other body composition outcomes including body mass index, total body mass, body fat percentage, and fat mass compared to the control group. Weight lifting significantly increased upper and lower body muscle strength compared to the control group. The intervention was well tolerated with no serious adverse events related to weight lifting. Slowly progressive weight lifting attenuated the decline of ASMM among breast cancer survivors compared to standard care over 12 months. These data are hypothesis generating. Future studies should examine the efficacy of weight lifting to improve distal health outcomes among breast cancer survivors.
Introduction
Each year 232,000 women are diagnosed with breast cancer in the United States [1] . The median age at diagnosis of breast cancer is 61 years [1] . Five-year survival rates for non-metastatic breast cancer exceed 84 % [2] . Older age at diagnosis and promising long-term survival rates have created a population of breast cancer survivors that will experience unfavorable alterations in body composition as a result of aging and cancer treatment [3, 4] .
An important change in body composition related to aging and cancer treatment is the loss of skeletal muscle mass [3, 4] . Perhaps the most important skeletal muscles are those of the arms and legs, known as appendicular skeletal muscles, which account for C75 % of total skeletal muscle in the body, and are necessary for ambulatory activity and physical functioning [5] . After the age of 35-45 years, women lose approximately 0.1 kg (0.5 %) of appendicular skeletal muscle mass (ASMM) annually [5] [6] [7] [8] . This may be relevant to breast cancer survivors because low ASMM is associated with dysregulation of insulin axis hormones [9] [10] [11] [12] , which have been implicated in breast cancer recurrence and survival [13] . Low ASMM is associated with all-cause mortality among breast cancer survivors [14] . In addition, low ASMM may be associated with frailty [15] , disability [15, 16] , and low bone mineral density [12] .
These observational data suggest that interventions which attenuate the loss of ASMM may hold clinical importance for breast cancer survivors. It is unknown if lifestyle interventions such as weight lifting preserve ASMM among breast cancer survivors. We tested the hypothesis that slowly progressive weight lifting attenuates the decline of ASMM among breast cancer survivors by conducting a post hoc analysis of data from the Physical Activity and Lymphedema (PAL) trial [17] . The PAL trial was a randomized controlled trial designed to examine the safety of weight lifting among non-metastatic breast cancer survivors with or at-risk for developing breast cancer-related lymphedema [18, 19] .
Methods

Study design and participants
A description of the PAL trial methods is described elsewhere in detail [17] . The primary outcomes of the PAL trial have been published for breast cancer survivors with lymphedema [18] , and at-risk for lymphedema [19] . The analysis described herein includes breast cancer survivors with and at-risk for lymphedema. Breast cancer survivors were recruited throughout the metropolitan Philadelphia region [20] . Participants were eligible for the study if they were a female breast cancer survivor, 1-15 years post-diagnosis, free from cancer at study entry, with C1 lymph node(s) removed, and no medical conditions or contraindicated medications that would prohibit participation in an exercise program. Additional eligibility criteria included a body mass index (BMI) B 50 kg/m 2 , no plans for surgery during the study, no history of bilateral lymph node removal, no weight lifting in the previous year, stable body weight (\10 % change in the past year), and not attempting to lose weight.
Participants were stratified on the following baseline variables: lymphedema status (diagnosed or not diagnosed), age (\54 years or C54 years), difference in lymphedema arm volume (\10 % or 10-20 % or [20 %), number of lymph nodes removed (\6 or C6), obesity (BMI \ 30 or C30 kg/m 2 ), and time since diagnosis (\60 months or C60 months) and then randomized to one of the two study groups using a minimization procedure [17] .
This trial was approved by the University of Pennsylvania institutional review board and registered as NCT00194363. All participants provided written informed consent and provided written clearance from their physician prior to participating in any study-related activities.
Intervention
Study participants randomized to the weight lifting group were provided with a 12-month membership to a community fitness center. For the first 13 weeks, participants were given instruction on the safe completion of the weight lifting exercises in small groups of 2-6 participants. Certified exercise professionals employed by the fitness centers led the twice weekly exercise sessions that each lasted 90 minutes. Each session included stretching of major muscle groups, cardiovascular warm-up, abdominal and lower back strengthening exercises, and weight lifting exercises. Weight lifting exercises for the upper body included the dumbbell press, seated row, lateral or front raise, bicep curls, and triceps extension. Weight lifting exercises for the lower body included the leg press, back extension, leg extension, and leg curl. One to three new weight lifting exercises were taught at each session. For each exercise session, three sets of each weight lifting exercise were performed using 10 repetitions per set. For each exercise, weight was increased by the smallest possible increment after two sessions at which three sets of 10 repetitions could be performed without concurrent changes in arm and hand symptoms. No maximal upper limit was placed on the weight lifted for each exercise.
After 13 weeks of supervised weight lifting, participants were instructed to continue unsupervised weight lifting for 39 weeks adhering to the same exercise prescription used during the supervised portion of the trial. Weight lifting adherence was defined as attendance to the weight lifting sessions at the community fitness centers. Attendance was monitored using logs completed by study participants that were verified for accuracy by the exercise professionals. The exercise professionals contacted study participants if they missed more than one exercise session each week throughout the year. Participants in the control group were asked to maintain their baseline level of physical activity throughout the study. Upon study completion, control group participants were offered a 12 month membership to a community fitness center, with 13 weeks of supervised exercise instruction, similar to that of the weight lifting group.
Safety
All community-based certified exercise professionals who worked with study participants completed a three-day training course that reviewed the exercise protocol and outlined lymphedema management practices. Study participants with lymphedema received custom-fitted compression garments (Jobst, BSN Medical) at baseline and six months. When participants with lymphedema were asked to do weight lifting they were required to wear a studyprovided lymphedema garment during all exercise. The certified exercise professionals systematically asked all participants each week about changes in lymphedema symptoms and measured arm circumference and arm volume each month to detect changes in arm swelling. All study participants were required to complete an educational lecture about lymphedema risk reduction, management, and exercise safety, based on the National Lymphedema Network clinical practice guidelines (http://www.lymph net.org/resources).
Measurements
Measurements were obtained from all participants at baseline and 12 months by trained staff who followed a standardized protocol and were blinded to study group. Prior to completing the measurement visit, all study participants were reminded not to disclose their study group to the measurement staff.
Demographic characteristics including age, education, race, and smoking habits were self-reported at baseline. Self-rated general health was assessed using a five item ordinal scale. Clinical characteristics including time since cancer diagnosis and cancer stage were collected from the state cancer registry, surgical pathology report, or self-report. The presence and severity of lymphedema was quantified using water displacement volumetry [17] . Cancer treatment including chemotherapy, radiation, and endocrine therapies was self-reported. Caloric consumption was quantified using the Diet History Questionnaire [21] . Physical activity was assessed using the International Physical Activity Questionnaire [22] .
Muscular strength was quantified using one-repetition maximum (1-RM) testing with bench press, leg press, and handgrip exercises. 1-RM testing is the maximum amount of weight that can be lifted one time. 1-RM tests are safe for clinical populations with appropriate conduct and supervision, and provide direct quantification of muscular strength [23] . Participants completed a warm-up set of 4-6 repetitions using a weight of 2.25 kg on the bench press and 18.2 kg on the leg press, and then rated exertion using a 1-10 scale. Participant rating established the first weight at which a 1-RM test was attempted. Additional weight was added until exercise biomechanics were compromised or the participant was unwilling or unable to try a heavier weight. Isometric handgrip strength was assessed in the dominate hand in the seated position with the elbow flexed at a right angle and the forearm in a neutral position. The handle was adjusted to the hand size and no extraneous body movement was allowed during testing. Three maximal contractions each lasting 4-5 s with a 60 s rest interval were performed. The maximum of the three readings was taken as the maximum handgrip strength.
Outcome
The outcome of this post hoc analysis was ASMM. ASMM was measured as the sum of lean soft tissue (non-fat and nonbone) mass in the arms and legs using whole-body dualenergy X-ray absorptiometry (DXA; Hologic Discovery, Bedford MA). All DXA scans were reviewed for accuracy by a bio-nutritionist who was blinded to study group. The DXA scanner was calibrated daily using a soft tissue phantom. ASMM was quantified in two outcomes [24] . The first outcome represents relative ASMM by accounting for participant stature, defined as kg of muscle mass per m 2 of height (kg/m 2 ). The second outcome represents absolute ASMM, defined as kg of muscle mass (kg). DXA was also used to quantify body fat percentage (%) and fat mass (kg). Other anthropometric measures included height (m) and body mass (kg), which were used to calculate BMI (kg/m 2 ).
Statistical analysis
All statistical analyses were completed using Stata MP Version 13.1 (StataCorp, College Station, TX). Descriptive statistics presented for baseline variables include counts and proportions for categorical variables and means ± standard deviations for continuous variables. Categorical variables were compared between the two study groups using Fisher's exact test, and continuous variables were compared between the two study groups using the Wilcoxon rank-sum test. All inferential analyses were conducted on an intention-to-treat basis. Changes in ASMM were evaluated from baseline to 12 months between the weight lifting and control groups using repeated measures linear mixed effects regression models. This statistical approach includes all available data and accounts for the correlation between repeated measures. The baseline value of the dependent variable was included as a covariate in the regression models to reduce variance [25] . A group-by-time interaction term was included as a fixed effect in the regression model. Results from the repeated measures linear mixed effects regression models are presented as mean ± standard error. Given the exploratory nature of this analysis, we made no adjustment for multiplicity. A total of 10 outcomes were examined in this post hoc analysis (three muscle strength outcomes and six body composition outcomes); thus, one statistically significant test (P \ 0.05) might be expected by chance alone. P values for all analyses should be interpreted conservatively and considered as hypothesis generating.
Results
Between One randomized participant did not have a baseline DXA scan and was excluded from this analysis. Characteristics of study participants are presented in Table 1 . All baseline study characteristics were balanced between groups. The rates of attrition over 12 months were similar between the two study arms ( Fig. 1 ; P = 0.712). Participants who did not have a 12-month DXA scan were more likely to be younger (50.3 ± 8.7 vs 56.7 ± 8.6; P \ 0.001), have greater handgrip strength (28.1 ± 7.5 kg vs 25.2 ± 6.3 kg; P = 0.033), have a higher relative ASMM (7.9 ± 1.4 kg/m 2 vs 7.4 ± 1.3 kg/m 2 ; P = 0.027), and have a higher absolute ASMM (21.2 ± 3.8 kg vs 19.7 ± 3.9; P = 0.046). Among the subset of participants who did not have a 12-month DXA scan, there were no between-group differences for any baseline characteristics.
Muscular strength outcomes are presented in Table 2 . At baseline, maximal bench press strength ranged from 0.0 to 43.1 kg, maximal leg press strength ranged from 11.3 to 186.0 kg, and maximal handgrip strength ranged from 9.0 to 50.0 kg. The median adherence rate to the 12-month Fig. 1 Enrollment, randomization, and follow-up of study participants. DXA, dual-energy X-ray absorptiometry group, as reflected by relative ASMM (-0.01 ± 0.02 kg/m 2 vs -0.08 ± 0.03 kg/m 2 ; P = 0.041; Fig. 2 ) and absolute ASMM (-0.02 ± 0.06 kg vs -0.22 ± 0.07 kg; P = 0.038), respectively. We explored the hypothesis that breast cancer-related lymphedema may influence the effects of weight lifting on ASMM. We did not find a group-bytime-by-lymphedema interaction for relative (P = 0.310) or absolute (P = 0.321) ASMM.
We observed no changes in BMI, total body mass, body fat percentage, and fat mass between groups over 12 months. Self-reported daily caloric consumption (-212 ± 79 kcal/d vs -159 ± 56 kcal/d; P = 0.581), and moderate-or vigorous-intensity aerobic activity (?6.9 ± 4.6 MET-h/week vs ?0.9 ± 5.7 MET-h/week; P = 0.412) did not differ between the weight lifting and control groups over 12 months, respectively.
No serious weight lifting-related adverse events occurred. Non-serious adverse events have been reported elsewhere in detail [26] .
Discussion
The principal finding from this post hoc analysis is that breast cancer survivors who participated in slowly progressive weight lifting for 12 months attenuated the decline of ASMM compared to control group participants. Slowly progressive weight lifting also increased maximal muscle strength of the upper and lower body. These findings expand upon the known benefits of weight lifting for breast cancer survivors.
Women begin to lose approximately 0.1 kg (0.5 %) of ASMM each year starting between the age of 35 and 45 years [5] [6] [7] [8] . Treatment for breast cancer may accelerate the loss of ASMM [4] . It is noteworthy that the decline in ASMM in the control group of this study over 12 months was 0.22 ± 0.07 kg (1.03 %), which is approximately double the observed rate of 0.1 kg (0.5 %) lost per year among women without cancer [5] [6] [7] [8] . In contrast, the decline in ASMM in the weight lifting group over 12 months was 0.02 ± 0.06 kg (0.05 %). Our findings support the hypothesis that treatment for cancer may accelerate the loss of ASMM, and reinforce the importance of identifying interventions that attenuate the decline of ASMM among breast cancer survivors.
ASMM is associated with a variety of health outcomes that may be of importance to breast cancer survivors. Low ASMM is associated with an increased risk of all-cause mortality among breast cancer survivors [14] . ASMM also has endocrine effects, such that low levels of ASMM are associated with higher levels of fasting insulin [9, 10] , and other insulin axis hormones [11, 12] . This is important because high levels of fasting insulin associate with an increased risk of cancer recurrence and death among women diagnosed with early-stage breast cancer [13] . Low levels of ASMM are associated with frailty, disability, and bone mineral density [12, 15, 16] . Frailty occurs at an earlier age in breast cancer survivors compared to that of non-cancer controls [27] . Disability is more prevalent among breast cancer survivors than non-cancer controls and exerts a negative impact on overall self-reported health [28] . Bone mineral density among breast cancer survivors is often lower compared to healthy controls that are of similar age [29] . Collectively, these data suggest that attenuating the decline of ASMM through the use of weight lifting may favorably influence clinically meaningful outcomes among breast cancer survivors. This hypothesis warrants confirmation in larger trials designed to examine the effects of weight lifting on clinical endpoints among breast cancer survivors.
Other randomized studies have examined the effects of weight lifting on body composition outcomes among breast cancer survivors. To our knowledge, our study is the first to demonstrate the efficacy of weight lifting to attenuate the decline of ASMM among breast cancer survivors. Weight lifting may decrease body fat percentage and fat mass, without altering total body mass among breast cancer survivors [30] . We did not observe any changes in BMI, total body mass, body fat percentage, or fat mass. This was not surprising as self-reported caloric consumption and moderate-to vigorous-intensity aerobic activity did not differ between groups over time.
There are several weaknesses to this analysis. ASMM was not a primary outcome of the PAL trial. Consequently, participants were not enrolled into this trial on the basis of being at-risk of losing ASMM or having low ASMM at baseline. PAL participants were of similar age to women in the cancer registry from which they were recruited [20] , but because of our modest enrollment rate (295 randomized of 3200 screened; 9.2 %), participants may differ in other ways that are unknown. Therefore, our findings may be generalizable only to the population of breast cancer survivors willing to participate in a randomized controlled trial of weight lifting. This analysis was not pre-specified in the PAL trial protocol. Therefore, our findings should be interpreted conservatively and considered hypothesis generating. We did not adjust our type-I error rate. Therefore, we cannot rule out the possibility of false discovery.
There are several strengths to this analysis. The outcome of this study is important in that ASMM represents C75 % of skeletal muscle in the body and is essential for ambulatory activity and physical functioning. Outcome data were collected by staff members who were blinded to randomized study group. The sample size of the study was large for a behavioral trial, and participants were diverse with respect to racial background (35 % non-white). The intervention was 12-months long, with high rates of followup that were similar between the two study groups. Adherence to the weight lifting protocol was high. This may be the result of successfully blending supervised and unsupervised exercise to promote long-term sustainability.
In conclusion, the findings from this study demonstrate the feasibility and potential efficacy for slowly progressive weight lifting to attenuate the decline of ASMM among breast cancer survivors. While these findings are hypothesis generating and require replication, they provide additional evidence that weight lifting may provide important health benefits for breast cancer survivors.
